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FCREWORD

This document is the final report of work performed on Guidance and
Control by the WDL Division of the Philco Corporation during the Comet
and Close-Approach Asteroid Mission Study for the Jet Propulsion Labora-
tory under Contract JPL 950870. The report covers work performed during
the period 2 July 1964 to 2 January 1965.
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'l' SUMMARY ”EBSf;T_,
/8/33 /Z

This study has defined system requirements for the stabilization
system and for comet tracking, the %aiient problem being the comet tracking
capability. The study has defined the required optical system weight re-
quired for a given threshold of comet brightness. 4 summary of the comet
brightness model is included. The comet selected for this mission is
Pons-Winnecke which i{s a periodic type comet for which the brightness 1s
low until near encounter. As a result of the low brightness, tracking
for the purpose of computing trajectory and guidance corrections is im-
practical with sensitive detectors of the image orthicon and image dis-
sector class. Tracking of the comet near encounter for purposes of
directing the scientific package and a TV system toward the nucleus is ‘\v/

recommended.

The large uncertainty in the comet brightness model forms the basis
for recommending that tﬁe comet be observed from threshold levels up to
‘ the high levels of brightness expected at encounter. This can be accomp =~
lished by observing the comet with a small-angle TV system (1o field)
during the pre-encounter phase and with a wide-angle field (20o field)
during intercept. Since the only requirement for tracking prior to inter-
cept is to orient the TV, it is possible to track using the TV-system
output and thereby eliminate the need for a separate tracking system.
Acquisition of the comet is to be carried out by presetting the tracker

orientation and having a preprogrammed search mode for backup.

The studies have investigated hardware components for which a potential
improvement in the probability of mission success can be expected. Pre-
liminary feasibility studies have been carried out on the use of a bipropel-
lant midcourse engine. The use of microthrusters and bipropellant torquers

for the attitude stabilization subsystem has been found attractive.

Finally, as a result of an industrial survey of inertial components,

several improved inertial sensors were found to be available for this mission. \V/
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‘ SECTION 1

OBJECTIVES AND REQUIREMENTS

1.1 OBJECTIVES

The objectives of this study have been the following:

a. Organize and define the operational requirements of the attitude

control and midcourse propulsion subsystem.

b. Define preliminary system configurations to meet the operational
requirements and to provide a basis for making the final selec-

tion of an attitude control system.

¢c. Identify critical subsystem areas and components and provide a
detailed evaluation of available options for missions during
1967-1975.

Recommend a system and identify the areas requiring further

study.

Within the scope of the study, the effort has been based on relevance to
the scientific mission objectives and, consequently, on components that
limit the performance. System performance is measured by reliability,

precision, component weight and power requirements. The subsystem
performances required for comet missions do not require any

extension of the performance state-of-the-art, A system has been
defined and the limiting components identified and, consequently,

the options are indicated. Where standard control system components are

acceptable, the use of thesa components is recommended.

The Mariner-C system has been adopted as the standard system. The
study recommends improvements, by either the addition or the exchange of
components to the Mariner-C attitude control and propulsion systems. The

. principal study areas reported are the following:
1-1
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a. Comet tracking prior to encounter and during the encounter phase.
b. Propulsion system tradeoffs.

c. Improved inertial components.

1.2 SUBSYSTEM REQUIREMENTS

1.2.1 Attitude Control
The attitude control and stabilization system (A/C) is required to

acquire and maintain three-axis control over the entire mission beginning
with an acquisition mode following separation from the third-stage booster.
The detailed consideration of requirements for pointing intercept experi-
ments, for poiﬁting the high-gain antenna, and for maintaining thermal
control define the control system design objectives. These design objec-
tives are not stringent and thus make it possible to place the emphasis

on system simplicity, reliability and minimum weight. The A/C system
configuration is based on satisfying the following requirements (See

Table 1-1):

a. Stabilization during two midcourse guidance corrections.
High-gain antenna pointing.
Thermal control.

d. Pointing and slewing of scan platform during intercept.

The requirements in Table 1-1 are compatible with present Mariner-
C capabilities, except for comet pointing which requires adding a mech-
anically gimballed comet tracker and science package with two degrees of

freedom.

1.2.2 Midcourse Propulsion

The propulsion system must have a multi-start capability for im-
parting two velocity increments, one to be less than 100 meters/sec and
a second to be less than 50 meters/sec. The guidance system must impart
the velocity increment in any orientation with an overall accuracy of 3

percent or better.
1-2
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1.2.3 Comet Tracking

No comet tracking for the purpose of carrying out guidance correc-

tions is required; the only requirement is to orient the science package.

Tracking for purposes of making guidance computations has been deleted

due to the following factors:

PHILCO

e e Kol Pompany

Tracking during the early part of the flight following launch
requires unrealistic optical systems to sense comets that are

approximately 20th magnitude at that time.

Comet brightness does not reach levels that are practical for

the purpose of tracking until after a guidance maneuver becomes

ineffective.

An uncertainty of 15000 km in the distance of closest approach

has been specified in the trajectory and guidance analysis,

Tracking for the purpose of guidance computations can be done
by Earth observatories. A pre-recovery study of

comet orbits is to be completed prior to launch in order to
ioprove the predicted time of their passage through perthelion.

1-3
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TABLE 1-1

A/C REQUIREMENTS

WDL-TR2366

Subsystem

Requirement

Tradeoffs

Cruise Science

Intercept Science

Orient instruments along the
S/C velocity vector, S/C
x-y-z axes, and toward

Sun within +0.5°,

Orient TV, photometer and
spectrometer toward nucleus
within +0.5° accuracy and
at a maximum rate of 19/sec.

Control midcourse thrust
direction.

Point high-gain antenna
toward earth within +1°
accuracy at a 1°/sec rate.

Orient solar panels toward
Sun within +5°,

Establish Sun line within
isol

1. Gimballed scan
platform vs gim-
balled S/C.

2. Scientific value
vs pointing ac-
curacy.

Attitude accuracy vs

terminal aiming error.

Guidance

Telecommunication

Power

Thermal
PHILCO
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' SECTION 2

ATTITUDE CONTROL SUBSYSTEM

2.1 MODES OF OPERATION

Three distinct modes of operation are indicated to accommodate the A/C

system requirements:
a. Cruise Mode. Three-axis active stabilization using mass expulsion,
derived rate information, solar pressure vanes in pitch and yaw,

and roll stabilization via a star tracker.

b. Maneuver Mode. Reacquisition of the celestial reference bodies

using programmed search modes.

c. Encounter Mode. Three-axis stabilization as in the cruise mode

and operation of a platform-mounted comet tracker. Onboard track-

. ing or pointing toward the Comet is to be accomplished by utilieing
a gimballed tracker during the encounter phase of the trajectory.

Orientation requirements for the scientific equipment and other

spacecraft subsystems form the basis for the design objectives.

2.1.1 Sequence of Events for A/C

The following summarizes the Comet Mission A/C system sequence of

events:

Acquisition. Following separation from the upper booster stage,
the spacecraft acquires the Sun and Canopus references. The separation
interface from the booster upper stage results in an uncertainty in space-
craft attitude and angular rates. Acquisition is accomplished by first
stabilizing with respect to the Sun and then searching for the stellar
reference by rolling the spacecraft about the Sun-line. The design permits
acquisition of the Sun-star references at any time following the initial

acquisition and before intercept. Initial acquisition has several require-
‘ ments which must be allowed for in the formulation of a sequence of events.

2-1

PHILCO WDL DIVISION

v Mompany " .



WDL-TR2366

‘ These are the following:

a. Initial search of the star field must avoid bright sources of
interference to the star tracker; notably spacecraft reflections
of earth albedo and comet albedo, and stellar objects having a

brightness comparable to the celestial reference.

b. Payload separation rates from the upper stage of the launch
vehicle must be within the range of the sensors. The problem
of initial acquisition requires that boundary conditions be es-
tablished regarding maximum separation rates. Inertial rate
gyros are capable of sensing rates up to 22,000°/hr; however,
separation rates are much less than this (estimated to be less
than O.lo/sec). Initial acquisition can be carried out without
the use of gyros for a Centaur separation; however, this has
not been verified by simulation, although related experience on

‘ similar control systems supports this conclusion.

Cruise. The A/C operates in a combinational mode consisting of
derived- rate deadband QtO.SO) opefation about the three reference axes
plus the use of a solar vane system for stabilization with respect to
the Sun. Following acquisition of the Sun reference and the stellar ref-
erence, spacecraft anguiar rates are reduced to a minimum level. Minimum
rates are obtained by limit-cycle operation set by the minimum impulse
obtained from the mass expulsion system. Deadband rates of 2.0 x 10-3

degree/second, are practical and within the requirements for the Comet
Mission. The use of solar vanes for the pitch and yaw axes further reduce
the rates about these axes. The low rates enhance the scientific objectives
by reducing the amount of skewing of the optical sensors. This is particu-
larly so if the A/C thrusting subsystem were to use hot-gas propellant
expulsion for active control. The system indicates spacecraft attitude to

a 3-sigma value of +0.1 degrees. Detailed descriptions of this operational
mode can be obtained from JPL specifications of the Mariner-C A/C System,

. and from the Solar Probe Study (Philco, 1964).
2-2
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‘ Maneuver. The A/C system accepts maneuver commands via the space-
craft command subsystem. The maneuver sequence consists of a roll turn
followed by a pitch (or yaw) turn. The 3-sigma accuracy of orientation at
the end of the maneuver does not exceed +2.0 degrees and the time required
to reach the desired orientation and return does not exceed one hour. The
inertial system serves as a reference attitude sensor, provides control
signals to the autopilot, and has a 3-sigma drift rate better than 0.5%hr.

Attitude control is accomplished by inserting vanes in the nozzle for

thrust-direction control.

Encounter. The encounter mode is initiated approximately 30 days

prior to closest approach. Initiation of this mode consists of actuating a
gimballed TV/Tracker which records a complete scan frame for purposes of
determining the acceptability of the picture to the tracker and of estab-
lishing an empirical comet brightness model. The uncertainty in the comet
illumination model requires that the tracking illumination pattern be in-

spected and a decision to track from on-board be made. In the event that
. tracking is not possible, due either to a bright stellar background or a
large anomaly in the predicted illumination model, tracking is carried out
with a pre-programmed combination of gimbal angles. This latter case is
4 precautionary measure to allow for the possibility that the tracker cannot

operate on the actual comet illumination pattern.

An inertial system stabilizes the spacecraft during encounter to
insure against the possibility of having the sun sensor lose track or the
startracker loge Canopus. An interference-free condition cannot be guaran-
teed although the predicted particle density is extremely low within the

coma.

2,2 STABILIZATION SYSTEM REFERENCES
The selection of the Sun and Canopus as references for a 3-axis
stabilization system has considered the probe orbit inclination with re-
spect to the ecliptic plane to be less than +2 degrees. The orbit inclin-
. ation affects the required size of the Canopus tracker field of view since,

2-3
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‘ for a worse case condition, it is within the present Canopus trackers field
of view. The need to orient the solar panels for power and to stabilize the
communications antenna toward earth without using a complicated gimbal
arrangement are the principal reasons for stabilizing with respect to the
Sun. During the encounter mode, the celestial references must not be ob-
scured. Considering that the probe aiming point is biased on the Sun side
of the comet at closest approach, present estimates are that the particle
density is too low for obscuration of celestial references. However, as

a matter cf precaution, it is recommended that the inertial system be used
as the stabilization reference during the last hour prior to fly-through

until the experimental objectives have been completed.

2.2.1 Spin Stabilization vs 3-Axis Control

The need to spin-stabilize has been discounted on the basis that
the experimental objectives, midcourse maneuvers, and the need for high-gain
communication during and after encounter require 3-axis stabilization. Once
the need for this capability is demonstrated, the use of spin stabilization
‘ 1s unrealistic in terms of system weight., The three-axis stabilization
system can be designed to use a few pounds of Nz per year or less.
2.3 MIDCOURSE MANEUVERS
Midcourse attitude maneuvers for orienting the engine to any attitude
cannot be accomplished using the normal Sun sensor and Canopus tracker.
An inertial reference package is needed to stabilize the spacecraft for a
period of several hours without incurring large attitude errors. The man-
euver consists of a warm-up period for the inertial package followed by
the switching from the star-tracker and Sun-sensor outputs to the inertial
output. The spacecraft is then rolled and pitched to the command attitude;
the turns are commanded fram the ground by pulsing the gyro torquers, The
propulsion system is actuated and during the burn is stabilized using the
inertial package to sense attitude, After the velocity correction is
complete, the vehicle is reoriented to the normal cruise attitude and a

reacquisition mode initiated.

'l’ . 2-4
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2.3.1 Gyro Performance

The present Mariner-C inertial package performs ade-
quately. However, improvements in reliability would result by using
recently developed gyros such as the Litton Industries Vibrarotor gyro-
scope; the performance details are classified. Since JPL is planning to
evaluate this gyro in the near future, no more shall be said here. Large
corrective thrust levels require thrust-direction autopilot stabilization
using jet vanes in the plume., Somewhat lower thrusts of longer duration
would use the cruise A/C system to maintain the attitude during the burn.
A micro-thruster using ion propulsion would also use the cruise stabil-
ization system for stabilization. It is important to note that if the
burn time is very long for low thrusting devices, e.g., in excess of one
hour, the drifts resulting from inertial stabilization for the present

system are approaching the basic cruise mode sensor accuracy limit of +0.1

degree.

The effect of the increased velocity increment on the gyro drift
during the midcourse propulsion burn is negligible as indicated in the
following paragraphs. The attitude maneuver is commanded by torquing
gyros through the desired attitude prior to the corrective burn. The space-
craft is to be stabilized in the command attitude for a length of time;
then followiﬁg burn termination, the gyros are torqued to the initial atti-
tude or at least as close as is practical in order to reacquire the cruise

celestial reference.

The estimated accuracy of such a system is carried out assuming that
the indicated accuracy is #0.1 degree, even though the attitude control
system permits attitude excursions to the limits of a deadband of at least
+1.0 degrees. The Kearfott specification of maximum torque uncertainty for
the King Series gyro (Model C702519005) is equivalent to 0.2°/hr based on a
nonimal operating temperature of 115°F and a maximm spread of five fixed-
torque levels taken during separate running periods with cool-down to 70°F

between each period. The maximum unbalance drift is 0.5°/hr-g about the

2-5
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most unfavorable axes. In addition, torquer linearity is 0.02 percent;
however, the autopilot command accuracy is limited by the ability to command
a specified bias torque current. Using a precision feedback current re-
sistor having a tolerance of 0.5 percent for the command torquer, the ability
to command an attitude is a function of the maneuver sequence. Thus, for

a 180 degree pitch and 90 degrees yaw, the autopilot command errors alone

are 0.9 degree in pitch and 0.45 degree in yaw.

The magnitude of the gyro unbalance error is estimated by assuming
a correction velocity requirement of 300 feet/sec, a spacecraft weight of
700 pounds, and a nominal midcourse-engine thrust of 50 pounds. The re-
quired burn time for the correction is approximately 130 seconds during
which the gyro unbalance error is 0.028 degree, a negligible drift. As-
suming the maneuver mode operates with the inertial reference for one hour,

the gyro drift produced by constraint torques is 0.2 degree.

The contribution of the time-dependent gyro drift to the overall
error in the orientation of the midcourse corrections is well within toler-
ance for the 3 percent total uncertainty specified earlier. In the event
that lower thrust levels were to be used for the midcourse correction, it
would be possible to accept burn-orientation errors up to approximately
2 degrees without seriously degrading the guidance correction accuracy.
The time it would take for the drift to degrade the system to 2 degrees
is several hours., Depending upon the capability of the electrical power
subsystem to supply this additional power, the burn time could be extended
to a duration of several hours. Present considerations for the propulsion
system using lower thrust levels (four one-pound engines) extend the burn
time by approximately 12.5 times if a bipropellant system of attitude
control and midcourse propulsion were adapted. This results in a burn

time of approximately 30 minutes instead of 140 seconds.

2.4 WEIGHT AND POWER
Table 2-1 contains a summary of the weight and power of major com-

ponents in the A/C subsystem, All components operate continuougly with

2-6
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‘ a warm-up period (30 watts for one hour) followed by an operating mode
(54 watts for one hour). The system weight is essentially that of the
Mariner-C attitude control and midcourse propulsion subsystems except for
possible midcourse propulsion capability, and for comet tracking of the
nucleus at encounter. The weight of the comet tracker assembly includes

the tracker and a gimballed platform capable of scanning over a hemisphere.

TABLE 2-1

GUIDANCE AND CONTROL

Temperature
Subsystem Weight (1bs)* (OF) **
Comet Probe | Mariner~-C | Minimum | Maximum
1. Propulsion 75.0 50.22 35 125
2. Comet Tracker & Gimbal 15.0 - -30 +100
(Planet Scan) - 18.0 - ! -
. 3. A/C Electronic Assembly 7

Gyro & Electronics 11.0 11.04 30 131

Electronic Assembly 7 lesd 27.0 27.0 30 131

Gyro & Electronicse

4. A/C Gas System |
Pneumatic System 39.0 29.0 40 | 140
Solar Pressure Vanes 4.0 4.0 -200 +250

5. A/C Sensors

Sun Sensor 0.93 0.93 30 130

Earth Detector 0.25% 0.25 30 130

Canopus Sensor 5.5 5.5 -30 +100
TOTALS - A/C 92.68 95.72
Propulsion 75.0 50.22

* Based on the weight profile for Mariner C given in JPL EPD-224
**Based on temperature profiles for Mariner C given in Specification
MC-4-120B,

2-7
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A simplified block diagram of the attitude control system is shown
in figure 2-1, That diagram does not include the solar vanes, the micro-
thrusters and the interface with the telemetry and command sequencer,
The effect of these interfaces can be evaluated without their inclusion
in the diagram. Appendix B contains several block diagrams showing the

control system, considering small-angle operation,

® 208
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. | SECTION 3

MIDCOURSE PROPULSION SUBSYSTEM

3.1 SYSTEM CONFIGURATIONS

The propulsion subsystem required for comet missions must have the
capability of imparting two velocity corrections, one to be less than
100 meters/sec and a second, less than 50 meter/sec. For some missions
the total is nearly twice the capability required for the Mariner-C mis-
sion, 80 meters/sec. Propulsion system studies have resulted in a system
sizing using two propulsion systems. The first is a 50-pound hydrazine
engine which uses jet-vane actuators to thrust-vector control for attitude
stabilization during the burn. This system is merely an extension of the
Mariner-C propulsion system adopted to provide additional impulse. The
second system uses a bipropellant motor having a lower nominal thrust.
This system also serves as an attitude control system acting in conjunc-
tion with solar vanes to reduce the angular rates in the pitch and yaw axes.

A similar bipropellant system without solar vanes is being built by Marquardt

. Corporation for use on the Lunar Supply Module. The angular rates about the
roll axis of the comet probe are reduced to 5 x 10-4 rad/sec and limited by
the minimum repeatable impulse obtainable using presently avaiable bi-
propellant thrusters. This deadband rate compares with a 4.45 x 10'6 rad/
sec rate for the Mariher-c, assuming a 20-millisecond minimum on-time for

the control jets.

The bipropellant system deadband rates can be removed in pitch and
yaw by the solar vane system as is demonstrated in the analog simulation
reported in Appendix B or this report. The roll axis could use a micro-
thruster to further reduce the roll-axis rates. Present data on the WDL
microthruster is summarized in Section 3.4 of this report. In fact, the
microthruster could substitute for the solar vanes in view of mounting
freedom and packaging ; weights and power requirements for both systems

are available,

‘l' 3-1
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The midcourse velocity increment could be obtained by the same motors
used for attitude control by orienting pitch and yaw motors aft. To do
this, all engines looking aft and also used for control in pitch and roll
would be operated simultaneously to impart the velocity increment to the
vehicle. Attitude control during thrusting would be carried out by
shutting down the appropriate pitch or yaw motor; this logic being reversed
from the logic for the non-propulsion modes in that attitude control logic
turns the jet on instead of off. This system requires further study be-
fore its use can be recommended in place of the operational propulsion

system presently used on the Mariner-C.

3.2 MONOPROPELLANT SYSTEM

Anhydrous hydrazine monopropellant is a proven fuel for post-injection
velocity correction. 1Its Isp is of the order of 240 seconds. The re-
action temperature of hydrazine is 1800°F, the upper temperature limit for
using jet vanes for thrust vectoring. A recent development of the Shell
011 Company catalyst gives hydrazine a restart capability not available
in the past. The thrust level is sized so that variations in starting
and stopping transients do not have an appreciable effect on the programmed
impulse. Thrust is also kept low to reduce the weight and response char-
acteristics of the deflection vanes. Hydrazine must be conditioned to
+25°F minimum before firing. The weight of a hydrazine midcourse motor

subsystem with deflection vanes and pneumatic attitude control is as

follows:
Component Weight

NZH& Storage Tank 15.0 pounds
Valve, Catalyst Chamber and

Nozzle 2.6

N2 Pressurization Storage Tank 2.0

Nz Regulator and Plumbing 1.5

® -
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‘ Component Weight
Deflection Vanes 2.5
NZHQ 45.0
Nz 2.0
TOTAL: 70.6 pounds

3.2.1 A/C with Monopropellant System

The study has investigated the possibility of integrating the
attitude control subsystem with the propulsion subsystem by using the
same nitrogen supply for both systems. A cold-gas nitrogen system can be
used for attitude stabilization with or without interfacing with a solar-
torque stabilization system. A pneumatic system for the Solar Probe was
investigated at Philco (1963) and the same system can be used here. Total
weight of reaction elements was 19 pounds including 6 pounds of nitrogen
. stored at 300 psi. Limit cycle operation required 37 percent of the fuel
so from a weight standpoint little was gained by adding the solar vane
stabilization system, although relisbility and platform stability are

increased by not having to actuate the gas system in the cruise mode.

1f the nitrogen supply for the attitude control subsystem is combined
with the nitrogen pressurization in the hydrazine system, weight savings

accrue by thrusting with the nitrogen in the spent hydrazine system and

by using common filters, f£11l valves, tanks and telemetry. The weight
saving from this is approximately &4 pounds at the sacrifice of making

both functions vulnerable to a tank failure. A high-pressure, stored-gas
system has recognized drawbacks. Storing high-pressure gas during launch

at reasonable tank weight entails a high degree of refinement of structural
design. Leakage of gas past the dynamic seals affects long-term reliability.
System reliability can be increased in some areas by adding redundant
valves, seals and relief systems. Two separate gas systems can increase

reliability by lowering the required tank size or pressure, which also

‘l' 3-3
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. makes each system immune to fallures in the other and thereby increases

the probability of mission success.

Low-storage-pressure subliming systems and vapor systems are being
developed to augment cold-gas system. Some of these use isotopic heaters
to achieve high-performance operation. One such system is reported on in

Section 3.4 of this report.

The weight of the nitrogen cold-gas system for attitude control with

a monopropellant midcourse correction subsystem is as follows:

Components Weight
N2 Tank 11.0 pounds
Fi1ll Valve 0.5
Filter 0.4
' Pressure Regulator 0.3
Pressure Transducer 0.1
6 Valves and Nozzles 0.4
Fittings and Plumbing 0.4
N2 Charge 6.8
TOTAL: 19.9 pounds

The combined weight of the hydrazing-nitrogen thrusting subsystem is there-
fore 90.5 pounds,

The Mariner-C system by comparison uses a redundant gas supply for
the attitude control system and a separate hydrazine pressurant supply in
order to increase the probability of mission success by the use of redundant

systems where practical. The present attitude control system is capable

® ”
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of performing this mission without modification. The propulsion system

may be required to carry more fuel and oxidizer to satisfy increased mid-

course velocity requirements.

3.3 BIPROPELLANT SYSTEM

A hypergolic bipropellant thrusting system has several desirable
attributes for a comet mission. 1Its Isp is considerably higher (290 sec
for NZOA-SO/SO N2H4-UDMH). Radiation-cooled nozzles and film-cooled
thrust-chamber walls permit continuous thrusting with no hardware degrada-
tion. The high exhaust temperature precludes using deflection vanes for
thrust vectoring. A gimballed vectoring system is undesirable because of
its weight (approximately 5 pounds for a 25-pound thruster) and is con-
siderably more complex than a vane system. However, if pulsed low-thrust,
high-response hypergolic roll-pitch and yaw engines are used to vector
the midcourse engine, the same engines can be used for attitude control.
The minimum reliable impulse from the thrusters is greater than can be
tolerated in cruise mode operation. However, if the system is used to

acquire the thermal stabilization system, significant overall system
simplicity is achieved.

The thrust of the midcourse motor must be compatible with the
vectoring available from the one-pound motors. The weight of a bipro-

pellant midcourse correction attitude control subsystem is as follows:

Component Weight
Nzoa - NZHAI VDMH Tanks 10.0 pounds
Regulators and Valves 4.0
Nz Bottles and N2 5.0
5 1b. AV Nozzle and Valve 1.5
6 - 1-1b. Attitude Nozzles
and Valves 7.2
Fuel and Oxidizer 39.0
TOTAL: 66.7 pounds
3-5
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3.3.1 Minimum Deadband Rates

A typical low-thrust engine considered for attitude control is
the one being developed by Bell Aerosystems. Test results on this engine
show pressure (thrust) response with as little as a 2.5-millisecond pulse
(vacuum test data are not available yet). At 10 milliseconds the impulse
from this thruster is approximately 0.006 pound-seconds. Maximum deadband
rates for this impulse about the roll axis can be estimated on this basis,
since the moment of inertia about the roll axis is lower than about the
pitch or yaw axes. The thruster is mounted on a 2.5-foot arm. The ratio
of {mpulse-radius to inertia is thus 5 x 10-& rad/sec; the deadband rate
is +2.5 x 1074 rad/sec. |

Pending the establishment of the acceptability of this angular
rate, further analysis and limited testing of existing hardware under
vacuum environments is recommended to better define first pulse and
steady state impulse characteristics. These high deadband rates can be
removed entirely by the microthruster system of attitude control and by
the solar-vane system which would operate during the cruise mode.

3.4  MICROTHRUSTER

The hydride microthruster is a new concept in low-thrust attitude
control actuator design which is at present being actively developed in
the WDL Power Subsystems Laboratory. The basic thruster is powered by
a radio-isotope and consists simply of a volume of hydrided material
which encloses the isotope, a thermally insulated container and a thrust
rozzle. Elaborations on this basic device are being developed and include
a static thrust-control device and s high-temperature heater for high

performance.

The basic thruster is a continuous-thrust device and cannot be
modulated or shut-off by itself. It {s, however, essentially unchanged
by the addition of the control and performance devices mentioned above.
The thruster utilizes the inherent capabilities of certain classes of
metals to absorb large quantities of hydrogen and to store them with no

leakage at room temperature and pressure and to release it as a gas when

3-6
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the temperature is raised. By judicious choice of isotope volume and
thermal insulation design, exact control of the hydrogen evolution rate
can be obtained for long perlods of time, thereby achieving accurate

thrust levels from very low (10-6 1b.) to moderate (10-3

1b). Power
requirements to evolve the hydrogenare low so that large amounts of the
isotope fuel are not required. For example, a thruster operating at
10'5 1b. of thrust will require only 1/3 watt of thermal power with the
required amount of Pu-238 contained at the center of the hydride, which
will effectively act as radiation shielding. The resulting gamma photon

flux at 1 meter from the center will be only 0.1 photon/cmz-aec.

Thrust control is provided by means of a static or ''solid state'
propellant valve. The concept of this device presently under development
takes advantage of the variable permeance of certain materials for hydrogen,
Thus a diaphragm placed downstream of the hydride/isotope propellant gen-
erator will act as a valve with no moving parts, actuation being ac-
complished simply by raising or lowering the diaphragm temperature. A

1 to 2-watt electric heater will provide the heat.

Figure 3-1 is a schamatic of the basic microthruster with a "solid
state' control valve and a high temperature electric after-heater included.
This latter accessory is a small (less than 0.5 watt) electric heater
which increases the propellant temperature in order to reach high nozzle
specific impulses. Figures 3-2 and 3-3 are photographs of the laboratory
test models of the basic hydride thruster using titanium hydride and the
"solid state' valve using a ailver-platinum diaphragm. Figure 3-4 in-
dicates the performance of this type of thruster relative to other con-

cepts.

As indicated {n this figure, weight advantages over several other
systems are inherent in this concept only at lower total impulse values
(N2 system excepted). This would be the region of Comet Probe application.
Many advantages, however, are not implied by Figure 3-4. These include
the following:

3-7
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. 1. No moving parts - High reliability.

2. Low pressure system - No valve, metering, or storage problems.

3. Low sensitivity to environment - No performance perturbations

due to temperature changes.

4. Self-contained unit - No plumbing or external services required,

easy to locate.

5. Low molecular weight propellant - High specific impulse, no
propellant plating out or solidifying problems.

. : 3-12
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SECTION &

ON-BOARD COMET TRACKING

4,1 EARLY-FLIGHT TRACKING

The need for refining the aiming point accuracy during the terminal
phase of the mission has led to the suggestion that the comet be acquired
and tracked early during the flight (Narin and Pierce, 1964; STL, 1963)
and that pictures be telemetered to earth for analysis prior to the second
midcourse maneuver. This problem area is unique to comet mission studies
and, therefore, has received much attention during the attitude control
system studies. The principal problem of sensing the position or presence
of a comet is that optical models are not well agreed upon in the existing
literature. Unfortunately, what is available indicates that comets are too
faint to track optically on-board at large distances from the comet and
whenever the comet is beyond heliocentric distance of 1.5 A.U. Available
references report wide variations in the brightness of the comets of in-
terest to this study; but, all models indicate that the comets are not as
bright as a 10 magnitude star when observed from earth at the time the
probe is launched. The weight required to track a star of 10 magnitude is
about 350 pounds. The comet does not become this bright until just before
intercept and after the usefulness of the measurements for computing guid-

ance corrections is lost,

4.1,1 Scope of Analysis

The early-flight comet tracking study includes the definition of
comet brightness models and the star background, an evaluation of two sen-
sitive photo-detectors, an image dissector and an image orthicon, and an
extrapolation of comet-tracking optical system weights based on optical
systems used in space flight experiments. The image dissector is less
sensitive for this application; however, it is inherently more rugged than
the image orthicon. The optical systems used for this comparison are the
Orbiting Astronomical Observatory and Celescope systems, since the weight
of these systems are comparable to the total payload capability of a comet
probe.

4-1
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4.1.2 Implementation of Optical System

The possibility of using a slow-scan TV system appears possible if
large optical systems and telemetry requirements can be accommodated. Con-
sidering the most sensitive system using an image orthicon and a 100-second
exposure time, the weight of an optical system required to observe a 10
magnitude comet is 180 pounds (360 pounds for an 11 magnitude comet).
Threshold levels have been defined on the basis of the ratio of peak signal-
to-rms-noise level. A ratio of 6 has been selected as the criterion for
observing a signal in the presence of background random noise. TV resolution
limits the accuracy to which the position can be determined with respect to
5 known stellar background pattern. The use of an 0.5 degree optical field
would be practical for an optical system of this size, would be easy to
orient using standard attitude control system components, and would have
sufficient resolution to observe the comet position to 10 or 20 seconds

of arc.

However, the large welght of the optical system requires a major re-
design of the Mariner-C spacecraft structure. Furthermore, pointing of the
optical system requires either maneuvering the spacecraft or accurately
pointing a gimbal system, both of which require re-designing the spacecraft
structure and changing the attitude control and thermal control subsystems.
Probably the most demanding of these re-designs is the thermal control
necessary to maintain optical alignment and to eliminate thermal stress in

the optical materials.

The data presented in Figure 4-1 shows the weight trade-off for the

most sensitive system, The complete analysis is presented in Appendix A.

4.2 ENCOUNTER TRACKING

The purpose of this study is to define the feasibility of tracking a
periodic comet just prior to, during, and after probe intercept. The system
must provide tracking signals for the purpose of pointing experimental

packages toward the comet, Several instruments, such as the TV, spectrometer,

4-2
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and photometers, require that the comet appear within their respective
fields of view. The objectives of this phase of the study are to (a) define

the system requirements for such a tracker, (b) establish feasibility, and

(c) recommend a system.

A model of comet illumination is discussed and forms the basis for
this investigation. Scattered sources of comet models disagree and the data
obtained from Dr. Cunningham (1964) strikes a reasonably good median range.
The large uncertainty in these models normally imposes a limitation on the
firmness of recommended designs. However, this investigation has allowed

for some changes by setting system constants at a safe level.

4.2.1 Encounter Comet Brightness Distribution

Cunningham has indicated that in the region of maximum brightness,
the brightness distribtuion of both the coma and the nuclear condensation
of faint, periodic comets near perihelion can be described by exponential

functions of angle away from the center of the nucleus. That is,

2
B = Boe"‘L (2-3)

where

B = brightness measured in stellar magnitudes per (minutes of
arc)

B = brightness at center

L = angular distance measured in minutes of arc away from the
center by an observer at 1.0 A.U.
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This brightness pattern applies to the coma and the nuclear condensation in

which the coefficient k and Bo for Pons-Winnecke are approximately as follows:

Region k B0
Coma 8 4.0M/ (min. )2
Nuclear Condensation | 2000 6.0M/ (min.)2

The above model can be converted to stellar magnitudes M at 1 A.U.:
2
M= Mo + 2.5 kL™ log e (4-2)

where MO is the absolute magnitude,

Both coma and nuclear condensation have the same spectral intensity
distribution as the Sun, assuming that practically all the radiant energy
‘ from the comet results from reflected sunlight, If we consider the radius

from which 99 percent of the energy is radiated, then, for the coma, the
radius as measured at 1.0 A.U. is

- 2 . 0.75 min of arc (coma) (4-3)

L
rc /7%

ch = 0,0475 min of arc (nuclear condensation) (4-4)

with the comet assumed to be at perihelion. Cunningham recommends a model

whereby Bo is a function of r6 for the various comets to account for comet

activity as perihelion is approached.

The angular size of the coma as a function of comet-to-observer
distance is

r
tan LRC S-EE (4-5)

s M dor Ao ny
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L

where the coma's effective radius, L is assumed to be the encounter mode.

Substituting LRC and using d = 1,0 A,U., the value for r. is

= = 4
r_=d tan Lo, = 3.24 x 10" km (4-6)

Similarly, the effective radius of the nuclear condensation is

Loy = 1.92 x 10° Kkm (4-7)

Figure 4-2 may be used as a computational aid to determine angular size as

a function of distance from the comet for small angular widths in which
Ty
LR=tand—=d— (4-8)

is a valid approximation.

The brightness model can be constructed from the geometry shown

with the help of the simple sketch below:

The luminous flux from the element dS at a given distance d is given by

dF = B dA (4-9)
d2
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where the constant B is the brightness, or the luminance, of the source dS

and the elemental area dA is assumed to be at right angles to the line of

some initial distance,

B -—-—d“z
dF p A 2
42 0

The illumination E of a surface is given by

E =% oo = e

d2

so that

sight toward the element dS. Holding dA constant and varying d from d

o?

(4-10)

(4-11)

(4-12)

This form is used to predict the illumination as a function of distance
from an element having a stellar brightnesa of 4th or 6th magnitude, as

shown in the table below:

BO BO
4th 5.1 x 10" lumen/cn?/min?
6th 8.2 x 10°13 1umen/cm? /min?

Substituting these constants in accordance with Equation (4-1) we have the

illumination as a function of probe-to-comet distance of

-12
E= Ehl;iiilg-- exp [-2000 124 ]

where d isAexprelled in A.U, and L in minutes of arc.

4-8
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‘ The graphical representation of these illumination distributions is
shown in Figure 4-3 using A = d = 1.0 A.U. The variation of brightness for
the cometary coma and nuclear condensation is estimated to vary as the sixth

power of heliocentric distance. Converting to magnitudes,
m=m + 15 log r. (4-14)

Figure 4-4 is a plot of this relationship. As the comet heliocentric
distance increases, cometary activity decreases and the size of the coma
decreases until, at a large heliocentric distance, only the nucleus is
observed. Figures 4-5 and 4-6 plot apparent size as a function of time to
intercept and of approach distance from the center of the nuclear conden-
sation. This work disregards the effects of cometary activity. Figures
4-7 and 4-8 plot the variation of E or apparent magnitude with time and
with approach distance from Pons-Winnecke. The variation in apparent size
and brightness is expected to be of a lower rate following the point of
‘ closest approach.

4.3 COMET TRACKING SUBSYSTEM

The encounter mode can use electronic scanning to track the comet
from the spacecraft and to provide video for TV transmission of the cometary
image. Both of these functions can be made compatible without compromising
the performance of either the tracking or the TV scanning functions. The
discussion below develops tracking requirements only; the TV subsystem is
discussed in Volume 6 on Telecommunication. In a combined tracking-TV
system, the tracking mode acts to stabilize the TV scan to the same point
continuously. Pointing can be accomplished by the use of bias signals as

long as the reference target is not distorted or lost from view.

4.3.1 Optical Field

The optical field of view required to track during encounter must

be large enough to include the unique optical pattern on which tracking
can be accomplished plus any alignment uncertainty due to an attitude
. stabilization of +0.5 degree and a pointing accuracy of +10 to 20 minutes.

4-9
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Considering that the unique optical pattern being considered is cometary
coma against a stellar background, the optical field must include the
nuclear condensation at encounter. In the case of a 10,000 km miss distance
from Pons-Winnecke, the cone angle is approximately 12 degrees. Consider-
ing the total stabilization and pointing accuracy, the minimum optical

field is a cone of 14 degrees or a square field of l4-by-14 degrees. A
larger field is required to observe the coma; present data indicates the

coma size to be 2 arc tan (rc/d) - 146 degrees.

4.3.2 Tracking Subsystem

The total subsystem comprises the following essential elements:
optics, scanner, detector, signal-processing electronics, and mechanical
configuration. The scanner, detector, and signal-processing electronics
hold the key to the performance that is attainable. This section, there-
fore, analyzes the system alternatives in these categories. Using available
design information, it has become apparent that at least two schemes should
be investigated for the comet tracker. The two systems, illustrated in
Figure 4-9 and showing the most promise, use a scan raster to detect re-
lative image position, but differ in that in one system the scan raster is
repositioned such that the image always appears at the null position, while
in the second system it does not, These systems are considered to be either
closed-loop or open-loop trackers. The latter system offers the advantage
of equipment simplicity but operates with a lower S/N, has a restricted
linear region, and is more sensitive to comet size. Figure 4-10 is a func-

tional diagram of the tracking subsystem.

Open-Loop Subsystem. This system debends entirely on a knowledge of

the effects of non-nominal operation, where knowledge of the uncertainty
in the estimated comet magnitude can be simulated to insure that the un-
certainty is tolerable. Some of these conditions can be investigated with
the available data.

Closed-Loop Subsystem. The servo-loop system operates by moving

the scan raster such that the planet image is centered. The system operates
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(a)

OPTICS \_J

DETEGTOR [ ™

OPTICS ~ SCAN AND SIGNAL PROCESSING

AND SELECTION

—» OUTPUT

|

SCAN DRIVE

DETECTOR

SCAN AND L I SIGNAL PROCESSING

AND SELECTION

AND BIAS

Fig, 4-9
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Simplified Block Diagram Open Loop Subsystem

(b) Closed=-Loop Subsystem

Loop Subsystems
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with the additional complexity required of the deflection drive circuit,

a penalty accepted to avoid the sensitivity of the tracker to comet size.
In this configuration, the most significant problem to study is the effect
of gain variations on tracker stability, The variation in open-loop system
gain results from comet size variations and from gain variations due to
cross-coupling between X and Y channels. The limiting accuracy of this
type of system is set by linearity of the deflection system. The opera-
ting accuracy on the less bright comet levels depends on the noise plus

the linearity of the deflection system, and optical alignment. Acquisition
is carried out with a sufficiently large scan raster to cover the optical
field of view. After the raster is centered on the comet, it is possible
fo electronically decrease the size of the raster; decreasing the raster
size increases the open-loop gain. While the need for this option is
presently undefined, it is available for reducing the over-all system-
pointing accuracy. The first system uses the same size raster for acqui-
sition as for the normal operating mode. In this case, the raster size
fills the field of view at the beginning of the acquisition mode and simply

uses that same raster during the normal modes.

4.3.3 Scanning
Philco WDL has developed single- and dual-axis scan simulations for

determining performance characteristics and as design aids for parameter
optimization. These include a single-axis simulation on a small desk com-
puter (RECOMP II) and both single- and dual-axis simulations on the WDL
analog computer. These simulations have been developed to provide insight
into the parametric behavior during the intercept phase. The simulation
has demonstrated a relatively inexpensive method of accumulating design
data before breadboarding a tracker, thereby insuring that the selected
design is optimum. The subsection below discusses scanning techniques. An
attempt has been made to keep the discussion (and the simulation used in
the discussion) general so that it is applicable for most scan implemen-
tations. The information presented is intended to illustrate both some of
the problems considered in arriving at the proper scan and the tools for
attacking these problems. Subsequent subsections indicate the options that
are available in implementing such scans.
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All scamning techniques either move an image across a fixed aper-
ture or move the aperture across the fixed image, thereby chopping it.
A single analysis is sufficient for both cases. Analyses to date are based
on simple apertures (single rectangular, square, or circular apertures in
the aperture plate), and indicate that required performance is attainable
with straightforward approaches. The output of a detector on the image
of the comet is a series of video pulses. This pulse train contains the
Information required, i.e., the position of the image in the scan plane.
The model to be used in these situations is based on the system geometry
depicted in Fijure 4~11 which shows the center of the aperture with a
maximum scan deviation %, a round (or square) aperture of radius d, a comet
of radius o and a comet centroid location of & relative to the null
(optical) axis. It is worth commenting that, with the electronic scan
drive using a triangular scan drive such as commonly used for TV systems,
Processing circuitry logic is available to make the transfer function ex-
tremely linear over the entire operational range. Such a system is in-
‘ cluded in the simulation examples. |

Sinusoidal Drive System. A typical example of an ideal detector

output is shown in Figure 4-12 for a single-axis scanning system. Using
this single-axis model, the pulse train is seen to be symmetric about
the chosen reference axis, and the pulse position, assuming a sinusoidal

drive, is defined by

A1 = arc cos (¢ + d + rc)/é (4-15)
91 = arc cos ($+ d - rc)/6 4 (4-16)
a, = arc cos (¢ - d+ rc)/6 (4-17)
8,, = arc cos (p-d- rc)/é (4-18)

The pulse train contains a measure of the image position with respect to

. the optical axis such that, with proper processing, the output error signal
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provides an analog-signal indication of ¢. Considerations of power and
signal processing simplicity restrict the pProcessing network to the use of
the first harmonic components in the signal.

Since most of the characteristics of the output error curve can be
derived from the Fourier series of the wave train, several general comments
can be made which apply to all scanning systems of the type described thus

far. The Fourier coefficient, a is given by

8 ]
2 2 1
a ‘= % [ f k,(t); - t) cos nut dt + f 2 cos nut de

T 81 91

®22

+ f [l-kz(tz-t)]cosnwtdt]
®
2
(4-19)
where a, - amplitude of the Fourier coefficient corresponding to

the nth harmonic

01. 811 922, 8y = pulse position (see Figure 4~11)

tll’ t, = the times corresponding to the angles 011, 8,
T = the scan drive period

e, " the detector output,

The following comments apply:

a. Only the a terms are required to describe a steady-state pulse

train since the function is always even.

b. The positions of 91, 611, 922, 82, are determined by the scan
drive, but the saturation points, zero points, the slope at the
null, and the peak power are independent of whether the scan
drive is sinusoidal or linear.

4-22
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c. The use of a dual-axis scan reduces the integral shown above as
a function of duty cycle such that the gain of a one-axis scan
is always greater than for the two-axis scan, using the same

configuration otherwise.

Output Error vs Relative Image Position. Using the geometrical

model depicted in Figure 4-11, the output amplitude of the fundamental as

a function of the comet image position has been studied parametrically with
all linear dimensions normalized to the maximum scan deflection, ¢, Assum-
ing a sinusoidal drive, the output error signal (first harmonic) as a func-
tion of the image position is shown pafametrically with variations in the
scan aperture half width, d (see Figure 4-13). The image position ¢ is
shown as the ratio of /6 along the absissa with the amplitude of the first
harmonic as the ordinate. The principal interest of this curve is the
definition of the gain, linear range, and peak power attainable for likely
scan configurations. These characteristics are summarized in Figure 4-14.
Since these data do not consider comet phase, they represent the best

possible performance attainable.

Effects of Coma (or Nucleus) and Scan Aperature Size. The image

size of the comet, its phase and the finite size of the scanning aperture
determine the shape of the pulses out of the detector. Illustrated in
Figure 4-12 are the detector output pulses which can be described as having
rise times that are functions of these parameters. As the comet size (rc)
decreases, 61 approaches 811 (and 82 approaches 922) thus altering the
amplitude of the first harmonic. Figures 4-15 and 4-16 are examples of
these effects for aperture sizes d/§ of 0.5 and 0.7, in which r. has been
run through a typical range to demonstrate the effects of tracking various
comet sizes using a sinusoidal drive system. The data indicate significant
nonlinearities as the comet size is varied. If we return to Figure 4-15,

a plot of the linear range can be defined parametrically for the case of
rc/é = 0.5. The linear range is indicated by the dashed lines in Figures

4-15 and 4-16, using an arbitrary criterion of +20 percent.
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Two-Axis Scan Effects. The preceding data were obtained from a

digital simulation which describes the operation of a single-axis tracker.
However, for a system which uses a scan raster to 'code" the two-axis
information, a two-axis simulation is essential to the generation of design
and trade-off information. The more significant effects to be obtained are
the following:

a. Verification of the digital single-axis simulation
b. Transfer functions for each axis
c. Cross-coupling effects

d. Comet phase effects,

The first item, which provides the necessary check between the two
simulations, has been carried out successfully. The analog simulation con-
sists of stable, adjustable oscillators to generate the two-axis scans,
logic circuitry to generate the detector output pulse train, a preamplifier
and bandpass network, synchronous bridge detectors, and output-hold cir-
cuitry (with provision for gain adjustment, as necessary). Although no
noige simulations have been carried out during this study, that capability
is available for further work,

The scan raster uses two asynchronous, stable, controlled sinusoidal
frequency generators to sweep the desired field of view. Examples of several
scan rasters are shown in Figure 4-17 for the several apparent comet sizes
to be tracked. The ease of adjustment of scan frequency; apparent size,
position, and phase; and bandpass and network configuration made possible
the rapid investigation of salient system parameters. Figure 4-17c is an

example of a linear scan; the others are of a sinusoidal scan.

The comparison of two-axis scanning with single-axis scanning in-
dicates a need for care in selecting asynchronous scan rates and the band-
pass of amplifier circuits to avoid coupling and harmonic beating. Figure

4-18 is a plot of the transfer function for one of the comet tracker channels.
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A, Sinusoidal €ca- B, Linear Scan

b, Sin:soidal Scan
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The scan raster frequencies were chosen to minimize the beat- frequency
problem in the outputs (300 and 400 cps, scaled). The analog simulation

of the two-axis scan raster shows a sensitivity to the adjacent axis duty
cycle. The case for d/§ = 0.5 in both axes has been simulated and the error
curve for one axis has been compared with the case for a single-axis scan.
The results of this comparison are shown in Figure 4-19 for a 50 percent
duty cycle, in Figure 4-20 for an 80 percent duty cycle, and in Figure 4-21
for a 30 percent duty cycle.

Cross-coupling. The effects of cross-coupling are demonstrated in

Figure 4-22, in which the transfer function has been obtained for success-
ively larger angular offsets in the adjacent axis. The corresponding comet
image position for the various parametric curves has been photographed on
the monitor display and has been included in the figure. The duty cycle
for this simulation is 50 percent and the jitter on the output is due
partially to the weak rejection of the scan frequency at the output filter.

This jitter was attenuated by using a simple twin-T rejection filter.

Comet Phase Effects. Shown in Figure 4-23 is an example of comet

phase simulation., This example includes the full-phase condition and a

50 percent phase condition for comparison of combined conditions which
might occur. Interpretation of these data requires some knowledge of the
roll position at the time of observation of any particular phase condition.
This is essential to the definition of the error curve with respect to a

reference point on the comet and is required of any system of this type.

Linear Scan Systems. The transistor implementation of scan drive

offers an improvement in stability and parts count if a linear scan can be
used, and a constant system S/N over the entire operating range. Figure
4-24 is an example of a system using a linear scan and shows that, if such
a system is implemented, the effect of cross-coupling is nearly eliminated.
The gain reduction in evidence for the dual-axis scan systems is due to

the change in duty cycle. This system is superior in terms of linearity to
the sinusoidal scan systems and is preferred in all but mechanically

scanned trackers.
4-31
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4.4 COMET TRACKER SIMULATION

The parametric data reported in the previous sections were obtained using
an analog computer simulation. This consisted of a set of scan generators to
drive the x and y coordinates and the sync signals to the synchronous detectors.
The simulated detector pulse was obtained using logic circuitry to gate the

signal, The system connection diagram is shown in Figure 4-25.
Figure 4-26 is the connection diagram for the single axis tracker demon-

stration. This system serves as a means of verifying the parametric studies

carried out on the analog computer.
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SECTION 5

CONCLUS IONS AND RECOMMENDATIONS

5.1 COMET TRACKING

The Mariner-C subsystems for guidance and control have been compared
on a systems basis to determine the areas requiring change or improvement.
No change to the Mariner-C subsystems is essential with the single excep-
tion that a comet tracker must be added to that system for performing

observations of the nucleus.

The requirements for sensitivity, range of intensity levels and
angular size of the image make the comet tracker unique. As a result
of comet tracking studies, it is clear that it is impractical to track
whenever light levels exceed 10th magnitude. In fact, present day trackers
become complicated with special processing devices, thermal cooling and
attitude stabilization requirements for brightness levels exceeding 6.4th
magnitude. Pending a special development program, no such device has been

identified for use on this program.

Comet tracking is recommended prior to and during intercept when the
brightness levels for the comet rise above the threshold light levels for
tracker and TV. Early tracking of the comet prior to intercept serves to

define the comet brightness model and cometaryactivity.

5.2 MIDCOURSE PROPULSION AND THRUSTERS

The midcourse propulsion system for the Mariner-C system may have
to provide nearly double its present velocity increment capability present-
ly 80 meters/sec for some missions. It is possible to make a 25-pound
weight saving if a bipropellant system is used. Since the weight saving

{s low in comparison to system ~llotment, nc change can be recommended.
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The attitude control system thrusters can be improved by the addition
of a microthruster. This system removes the deadband rates resulting from
the minimum-impulse gas-conserving thruster systems. The advantage of
this component is that the number of operations required for the on-off
type torquers 1s reduced. Further advantages derived from this are a
freedom of mounting and a higher thrust level than for solar vanes. The

weight for a solar vane system is comparable to one using the microthruster.

5.3 INERTIAL COMPONENTS

The use of improved-performance gyros should be considered. Several
inertial components exist that have better performance, use less power
and have longer life than the Mariner-C gyros. The possibility of direct

substitution of these components has not been investigated.
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APPENDIX A
EARLY-FLIGHT COMET ACQUISITION AND TRACKING

Al INTRODUCT ION

The need for refining the aiming point accuracy during the terminal phase
of the mission has led to the suggestion that comets be acquired early
during the flight 'Narin and Pierce, 1964; STL, 1963] and that pictures
be telemetered to earth for analysis prior to the second midcourse
maneuver. This critical phase of the mission provides sufficient moti-
vation for carrying out an appraisal of the system requirements for
on-board early-flight tracking of comets. The analysis in this section
leads to an estimate of the weight, power consumption and size of optical
trackers required to track comets early during the flight prior to the

encounter phase for purposes of spacecraft guidance.

The study considers magnitudes of a faint level at which it is difficult

to distinguish a comet from a stellar background for observation times

less than 100 seconds. Section A.2 summarizes relevant comet illumination
data collected. Probably the most significant effect of the stellar back-
ground is that the number of stars brighter than a given magnitude increases
rapidly with increasing magnitude, with the overall effect that a faint
comet is lost in the background. Section A.3 reports the results of
parametric studies defining threshold levels for various sizes of optical
systems using two sensitive detectors to scan an angular sector of the
celestial sphere. The weight estimates reported therein are extrapolations
of the Orbiting Astronomical Observatory (OAO) experimental optical packages.
Also, since earth-based observations have demonstrated the feasibility of
using these detectors for exposure times of up to 15 minutes, it is evident

that the threshold rates of the attitude control system limit the exposure
times.
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A.2 ILLUMINATION CONTOURS AND INTENSITY

Tracking a comet requires that the comet illumination contours and

the stellar background be differentiated. A summary of pertinent details
related to comet illumination contours and comet brightness is included
below. The references surveyed for this data report the general charac-
teristics of illumination contours but report little on the characteristics
of the individual periodic comets selected for analysis during the Comet
Mission Study. It is anticipated that photographic plates of these comets
of interest could be obtained for a final consideration. These were not

available during the study for an accurate densitometer analysis.

A.2.1 Isoradiance Plots

According to Bobrovnikoff [1951], illumination contours in the head of a
comet follow three patterns:
1. Jets - Streams of matter emitted from the center; these may be
curved or spiral streams.
2. Fans - Wide streams of matter emitted from the center.
3. Halos - Spherical distribution of matter from the head with
radially diminishing intensity.
The latter pattern more closely describes the appearance of the comets
under consideration. On this basis, the intensity distribtution of a

comet, could be represented in the form

f_:_zz]
I = I exp E R (A-1)
¥y

which neglects the dependence on heliocentric distance, probe distance
and position, observed spectrum, cometary material and activity. The

parameters are defined as follows:

A-2

WDL DIVISION



WDL-TR2 366

I = maximum radial intensity

o]
[

distance from comet center

©
]

position of comet point of symmetry

effective radius of comet

o]
"

Such a distribution is gaussian and the specification of an effective

radius results in 68% of the flux originating from within the enclosed
area.

A.2.2 Brightness

The brightness of a comet is usually represented by an empirically

justified relation of the form

J = -9 ’ (A'z)

Where A is the earth-comet distance, r is the sun-comet distance, and n
characterizes the degree of central condensation of the comet under
observation. Phase with respect to the observer is neglected and comet
activity is assumed not to vary widely in time. Values of n range from
2 to 6 generally, with an average of 4. Expressed in stellar magnitudes,

the relation becomes

me=m +5logA +2.50n log r, (A-3)

where m is an absolute magnitude. Theoretically, it represents the
brightness that a comet appears to exhibit at unit distance from the sun
and from the earth ( A= r = 1 A.,U.). However, the light from a comet
results from sunlight reflected and scattered by the nucleus and dust
particles, and from light re-emitted by molecules excited to fluorescence
by solar radiation. These different contributions vary with heliocentric

distance and the particular apparition, and thus cannot be represented

A-3
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strictly by a magnitude law as the one expressed in Equation (A-3).

Nevertheless, the time-honored formula is useful.

For the camets of interest, the light curves are expected to exhibit

no sporadic intensity changes. The likelihood of outbursts occurring in
these periodic relatively faint comets during their approach to and
passage through periheion is small. Outbursts usually occur in Mars-type
comets with perihelion distances far greater than the Mars-type periodic
comets considered (e.g., "old" comet Schwassman-Wachmann I, and '"new"
comet Burnham 1960). The angular size of a comet of various diameters
as viewed from varying probe-comet distances is shown in Figure A-1.

The irradiance in lumens/cm2 for any point source within the range of
positive stellar magnitudes up to + 12M can be read from the straight-
line functions of Figure A-2.

From the scattered literature, data on the absolute brightness of the

seven selected periodic comets have been tabulated in Table A-1.

TABLE A-1 Comet Absolute Magnitudes

m

Comet -9
Tuttle-Giacobini 11.7

Kresak
Arend-Rigaux 12.0

Pons-Winnecke 12.5

Tempel (2) 13.0

Kopff 13.8

Bonda-Mrkos

Pajdusakova 14.1

Brooks (2) 14.4

®
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Fig. A-l Angular Size of a Comet
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The absolute magnitudes m tabulated are within + ZM accuracy; the variation
depends upon the observer, his instrument and the sighting conditions

during the comet's passages through perihelion when it is near its maximum
brightness. An accurate value for the activity coefficient n cannot be
assigned because of the same conditions. A value of 4 + 1 appears adequate
for estimating the total surface brightness of the head (nucleus plus coma).
Neither the n_ mor n values apply to the comet's brightness when it is

recovered as a starlike object with no coma or at best with a very fuzzy

coma -- a condition characteristic of the faint periodic comets under
consideration.
A.3 STELLAR BACKGROUND

The effect of the stellar background in the vicinity of the comet affects
the capability of comet tracking devices in two ways. First, the presence
of bright stars will saturate the scanning device (e.g., a photomultiplier);

second, the incregsed current will generate added shot noise.

The exact effect of bright stars in the background is difficult to assess
without a definitive description of the tracking scheme, the comet
brightness and the probe's orbit.

A definition of the stellar background applies in all tracking or TV
monitoring systems but the stellar background varies with the galactic
direction of the probe-comet direction. It is well known that the average
number of stars varies as a function of galactic direction and that the
average brightness is highest near the galactic plane. In order to
organize the large variations in this data, the maximum background has
been compared to the minimum background and a representative value
selected for use in the parameteric studies. It is important to realize
also that the brightness of the comet compared to the number of stars of
equivalent brightness in the optical field must be considered. The number

of such stars increases with the tracking of the less intense comets. As

A-7
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a result of investigations, the tracking of a 10M comet is considered
representative. However, the large number of stars which are brighter

M
than 10" (see Figure A-3) suggests that continuous, automatic on-board

tracking is not possible.

A second consideration of the tracking background results from detector
noise. The total noise out of the photomultiplier (presently considered
to be the most sensitive electro-optical detector) consists of shot noise,
which depends on the average current flow in the tube. The rms noise is
given by

‘o0

G(f) df (A-4)

oN

.
\

ave

o

where
In = rms noise out of the tube
e = electron charge

= average tube current
ave

G(f)

system weighting function (bandpass)

Assuming the gain to be flat over the bandpass, Af, the noise can be

written as follows:

2
I 2¢1  Af. (A-5)

The average current in the tube is the sum of the tube dark current plus
the average intensity of the optical imagebover the scanned pattern. This
sum illustrates that the presence of stars in the comet background results
in an increase of the noise level. If the stellar- tackground current
level can be controlled, the average current is absolutely limited by

the tube dark current which is a measure of tube performance.

)
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The average space background is also important since the comet is masked
by its presence. In the event that the system must be configured in
order to insure that tracking is greater than a given probability, the
field of view of the tracker can be used to control the number of and
frequency of appearances of bright stars occurring in the field of view.
The task of identifying a comet from the stellar background becomes
progressively more difficult as the tracking of lower magnitude comets

is contemplated, since the number of entries to a star catalogue increases

rapidly with increasing magnitude (decreasing brightness).
The variation of sky brightness is given in Table A-2.
TABLE A-2 Sky Brightness

Sky Region mbe Stars of Give nitude Reference
Near Galactic Pole 43 stars, m, = 10/deg-2 [Allen; 1963)
(mean brightness: m, = 5.9/deg-2)

2

Entire Sky 1160 stars, mQ = 1/deg” [Allen; 1963

580 stars, m_ = I/deg-2
PR
Galactic Latitude 33 stars, m = 10/deg-2
o -2
17 stars, = 10/de

90 a mpg g
Galactic Latitude 397 stars,m = 10/deg.2
0° 164 stars, m = 10/deg” 2

As is apparent from entries (3) and (4) in the table, these values can
vary by a factor of + 3.5 between the galactic equator and the galactic
poles or equivalently, + 1.0“. Evidently the variations reported here
indicate the coarseness of data which complicates the problem of identifying

a comet. However, a crude estimate can be given based on Cunningham's
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estimate of the limiting magnitude for which star catalogues can be relied
upon to provide sufficient ephemeris data when tracking is attempted in

a region within + 20° of the ecliptic plane. Cunningham [1964] estimates
that comprehensive entries exist for magnitudes 14; adding a % 2M uncer-
tainty in observed magnitudes from apparition to a apparition, it appears

that a 12M comet represents a limiting case.
A.3.1 Stellar P

The sensitivity of a detection system is based on the minimum detectable
image, the spectral energy distribution of the source, the transmission
and responsivity of the detector-optical system, and the observation
integration time. No definition of the detection system is attempted at
this time since the detection scheme is a function of the system threshold
levels and the target signal level. In this section the definition of
signal intensity will be carried out and the detection scheme is left for
Section A.4.

The signal, ic' from the detector can be written for a point source target

as follows:

00
i, = AGCoJr I(») R(a) 7(r) s(a) d (A-6)

where
A = collecting aperture area
I()\) = spectral irradiance of the star
R( 1) = spectral reflectance of the mirrors
v()) = transmission of the refractive elements
s8()) = detector responsivity
A = optical wavelength

The systems presently of interest would use reflective optics having

typical reflectivities of 0.95 or better over the entire optical spectrum.

A-11
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These systems have no refractive elements; thus the transmission term 1is
unity over the wavelength interval of interest. Unfortunately, the

convolution indicated in Equation (A-6) cannot be carried out simply.

The quantitative measure of energy received by the detector can be predicted

using conventional definitions to describe the comet and its star back-
ground. The situation considered in these studies takes advantage of the
fact that the reflected energy from the comet is identical to that of the
sun. The solar spectra is well approximated using a Planck black-body
radiator having an equivalent temperature of 5780°K. Estimates in the
literature are within 20°K of this temperature; this uncertainty need not
be a source of concern since it introduces a negligible effect in the
estimate of total irradiance from a comet. Stellar magnitudes are

expressed according to the arbitrary scale,

m = -2.5 log —%— (A-7)
o

where I is the effective irradiance and Io is the standard irradiance.
In order to define a magnitude reference, the definition of Io must be
carried out. The irradiance is given in terms of the spectral irradiance,
E(2),

oo

1 = E(r) d (A-8)

o

Certainly the response of the detector must consider the spectral
energy distribution and historically this has been done by identifying
the star class. Also the detector response has been classed according
to the spectral class. The result is a rather cumbersome cataloging
of the response of a given class detector with a given class star and

a specific set of optics. Needless to point out, the literature is
filled with such tabulations, all of which are really the result of the
convolution indicated by Equation (A-6) (see for example Table A-3),

A-12
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Table A-3 Typical Star Catalog Special Classifications

Star Spectral Class

wm R R Q

R 2 R R R R R R w R w R

Car

Lyr

Eri
Cen

Vir

Aur
Cru
Cen

Aqu

Cyg
PsA

AO
FO
AO
B8
B5
Bl
B2
F5

Bl

AS

B8

A2
A3

A-13

M (S-4)

+ 4+ 4+ + + + o+ o+ o+ o+ 4+

.60
.52
.14
.25
.36
4l
.81
.00
.10
.13
.14
.15
.25
.37
.39
.46

+ 4+ + + + 4+ + 4+ o+ o+ o+ o+ o+ o+

~ -0 = O O = O O = O 0O O O O

.58
.86
.14
.34
.60
.86
.21
.48
.21
.58
.06
.89
.34
.24
.33
.29
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[Ruésell, Dugan, and Stewart; 1955]. The system of classification seems
crude; however, any system of cataloging these stars more precisely

would result in a fairly extensive overhaul of existing data. Since

no effort is either available or desired, the approach taken here consists
of using the coarse system of classification for computing the stellar
background and using the solar spectral distribution for computing the

comet spectral irradiance. The detector spectral sensitivities are well

d ocumented.
A.4 OPTICAL DESIGN CONSIDERATIONS

The faint character of comets requires that the threshold levels of any
tracking system be defined. The optical requirements, i.e., collecting
aperture size, field of view and off-axis performance, provide the means
of making weight comparisons using examples of space flight systems. In
this section, the vehicle attitude control requirements will be outlined.
Two sensitive electronic detectors, one using an image dissector and the
other using an image orthicon will be evaluated and the trade-off data
presented. Although both systems use a telescopic optical imaging device,

each differs considerably in terms of vulnerability to the launch environ-

ment. The image orthicon has a comparatively delicate mechanical construc-

tion compared to the image dissector and is considerably larger.

Several other advantages result from the use of an image dissector if a
sufficiently bright optical level is possible. The image dissector has

an almost indefinite lifetime since it contains no hot cathode and the
photocathode will tolerate large variations in temperature. Finally,

the photo-multiplier section will provide a high signal level without
concern over saturation and amplification linearity. Figure A-4 shows

a sketch of image dissector and image orthicon phototubes. Such detectors
represent the most sensitive devices presently available for the 1967-1975
time period.

A-14

WDL E)PVW!SHDPJ

¥



PH ILCO

o Tt Kl Py

WDL-TR2 366

- e — = biIN — e e

F‘hotocothode Aperture  Multiplier

f3in.dwo
i
L
/ \ \ \
Spherical  Focusing  Anode Deflection
focepiate  electrode  cone system
Flectrostatic Image Dissector
PTOCATNGDL ormoot o1
— ACCEULRATOR SR1D I :no::-l

COLLLLTOR miem ”“'
TAROLY SLAAS DWC ,“-
~OELILIAATER om ,,..,..,
O
3 LC

J

;‘ ct_l‘_____: :] &
; ——--‘_'-— ~
- j ~— AT ] |
- i i cun o J—)

| G )

S T eamme sicrem T -
1 gronsec sucron '

e —————— ————15 in.

Image Orthicon Showing Deflection Coils, Focus Coil, and
Internal Structure of Tube
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The principal limitation to this type of system involves the detection
of very small amounts of radiation from on-board the spacecraft.

A schematic drawing of the scanning system is presented in Figure A-5

in which the system would either interface with a data storage and tele-
metry network 9or with a tracking processor contained on board the
vehicle. While the latter presently represents a system considered to

be unfeasible, it is included here for the sake of completeness. On-
board tracking of the comet would require that the comet be distinguish-
able from the stellar background and presently the only difference
identified is the relative motion. The sketch below (Fig. A-6) represents
a schematic of the processing network required to detect the comet motion

using a radar motion indicator technique.

Video \
Scan > O Delay Line }

Input

Moving Target Signal

Fig. A-6 Relative Motion Indicator

A.b4.1 OAQ Optical Systems

The Goddard Experimental Package (GEP) has a 38-inch clear aperture,
weighs approximately 750 pounds and has a usable field of *15 seconds
of arc. Project Celescope has a 12-inch clear aperture, weighs approx-
imately 60 pounds and has a usable field of +1.4 deg. The approximate

weight of an optical system can be estimated on the basis of the size

A-17
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’ of the collecting aperture area, assuming that the telescope weight is
proportional to area. On this basis, if the 38-inch telescope weight
would be 7501bs; this is to be compared with 60 lbs. Another method
of estimating weight on the basis of aperture diameter, d, would curve-
fit d" for these two weights, in which case, n = 2.2 This latter

approximation shall be used as the basis for estimating the optical

system weight.

A.4.2 Image Disgector Sepgitivity

The image dissector developed by P. T. Farnsworth has been combined with
an electron-multiplier section to form an image-dissector photomultiplier.
The tube operates by scanning a photocathode on which a desired image
has been placed. Lach resolution element on the photocathods emits
electrons in accordance with some statistical efficiency and an acceler-
ating potential drives these toward a plate having a scanning aperture.
The traverse focus and deflection fields control the trajectory of the
. photoelectrons such that a particular element on the photocathode can
be focused on the aperture. By varying the traverse focus and deflection
field either magnetically or electrically, the entire surface of the
photocathode can be scanned. Since the dissector resolution can be con-
trolled on a first-order basis by the aperture size, and since our
principal interest is sensitivity, the source of noise for the detector
system will be considered next. The comet will be assumed to subtend
an angle less than the resolution of the detector system in the early
portion of its apparation; this permits the simplifying assumption that
the comet is a point source. This assumption does not apply prior to
intercept when the image is considered to be an extended source; in this

case the comet intensity pattern must be considered.

The intensity, L, from a point source having a stellar irradiance, E,
is related to the area of the collecting aperture, vd2/4, and the optical

efficiency, ¢, as follows:

'. A-18
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. L = ¢E ﬂd2/4 (A-9)

The optical efficiency can approach unity in these systems. Consequently,

the signal level at the photomultiplier cathode is

i = GL (A-10)

where GC is the photomultiplier cathode gain. Consider the stellar
background of intensity, LB’ for an optical field angle, ¥, viewing a
sky of brightness BB’ to be

LB = g7 —Z [e 4 BB’ (A"ll)

The average current resulting from the background, the comet under

observation and the detector dark-current is

C
ave

2
i = G 66'2- )(E +ﬂ°'23 ) +14 . (A-12)
‘ c 4 B dark

Assuming a uniform gain over the system band pass ofAf, the noise power is

12 = 2e 1 Af. (A-13)
ave

Consequently, the signal-to-noise ratio, when observing the comet, is
glven by
2
nd” /4
G ¢(rd™/4)

S/ - ‘ - > 3 - (A-14)
{Ze AfiGc ¢(md”/4) (E + 0¥ BB) + 1dark}j

Certain desirable aperating conditions would be accomplished by restricting

~ 2 to be small and using a collecting area sufficiently large to permit

o A-19
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I idark to be dropped. Unfortunately, this would not reflect the situation

for the comet magnitudes under consideration.

In the case of a video scanning device, the scanning spot of radius T,

will subtend a half-angle according to the relationship

(A-15)

L [N

r
- —3
2f

where d is the diameter of the collecting aperture and f is the system
focal length. Thus, for specific systems, the measurement of S/N serves
as an effective index of system merit and performance. The above analysis
permits the evaluation of the slow-scan TV and the radar relative-motion-

indicator.

A.4.3 Slow-Scan TV

A slow-scan TV could use a photomultiplier image dissector to scan the
‘ comet in the background field of stars and the above analysis used to
determine threshold levels. One very sensitive tube for this application
has been available for nearly eight years; that tube is the CBS CL-1147
developed to sense low-light levels. Tube life is long but has not been

defined since the number of failures has been too sparse on which to base
data.

The noise equivalent input intensity of the CL-1147 dark current is 6.7
X 10.11 lumen. By comparison, the noise due to the average sky brightness

(see Table A-2) is equivalent to 43 stars of magnitude 10 per degz.

Referring to Figure A-2, the luminous intensity for a 10M star 1s 2 x 10-16
lumen/cmz, so that the background brightness is
By = 3.68 x 10712 1umen/cm? /deg?
A-20
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Correspondingly, the worst case can be seen to occur near zero galactic

latitude where

BB = 3,68 x 10-12 lumen/cmz/deg2

Figure A-7 shows the tradeoff among the photo-intensity of the star
background, the aperture size and the field angle, It is evident that
the control of background level is accomplished by restricting the field
angle, since the intensity of a point-source comet is not affected by

the field angle,

Some physical interpretations are in order since control of the sky
background has implications not obvious in the derivation of a '"mean"

or ''worse case' sky background. Only in certain cases is it reasonable
to consider that the background is virtually continuous as in the Milky
Way. Normally, the star background is composed of discrete stars and the
use of an average background does not apply. It is seen from Figure A-7
that for o= 10 seconds and d = 100 inches, the background noise is
slightly higher than detector dark current. In order to meet this
10-second field for a scanning spot of 0,00l-inch diameter, the focal
length must be at least 100 inches,

Using the earlier relation in Equation (A-14) for the signal-to-noise ratio,
the parameteric results of this can be plotted as a function of collecting
aperture d and by using representative values for dark current, stellar

background, tube gain, and band pass., These values are the following:

€ = 0.9

1. /G = 5 x 10719 1umen
¢ (the equivalent input for the dark current)

3

BB = 8.6 x 107 lumen/cmzldeg2

f = 15 Kc
(the frame frequency of one second being selected to
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avoid low-frequency semiconductor noise, the number
of lines per frame is 100 and the time to resolve
an element per line to 1/100 the line length is

0.2 millisec. corresponding to a fundamental of

5 Ke, Thus, passing the first three harmonics,

the bandpass required is 5 Kc to 20 Ke.)

Note that, for a resolution of 100 elements in which the scanning spot
corresponds to 10 seconds, the TV raster will cover a solid angle 1000
by 1000 sec. (15 min by 15 min). Another point to be noted is that, at
a frame rate of one second, the TV readout must interface with the
telemetry with a 15 Kc bandwidth. This is extremely demanding in any
case, however, it may be possible to playback at a much lower rate,
Also, slower scanning or a reduced raster size could be traded off

here for telemetry bandwidth,

The trade-off of S/N is shown in Figure A-8 for various combinations of
field angle, aperture size, and star magnitude, Since this data does
not include noise from tracker electronics, the criterion of a usable
S/N is somewhat arbitrary: the ratio of signal-to-rms-noise out of the
phototube nust be at least six. Using such a criterion, it is possible
to make certain comparisions with existing optical equipment, namely

the OAO - Goddard Experimental Package and the Smithsonian Observatory
"Project Celescope'. On this latter basis, system weights are indicated

in Figure A-8,

A4 4 Image Dissector and Video Sweep Integrator

Considering the time required to read out a single video sweep from the
dectector and the relative angular motion of the tracker or TV telescope
with respect to the celestial reference, it is evident that successive
video sweeps can be autocorrelated or integrated to improve the target
signal-to~noise, An autocorrelation technique of this type is illustrated
schematically in Figure A-9, The basic circuity consists of a video
adder, a delay line and a feedback loop to the video adder. The time
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delay in the loop is equal to the video frame rate such that the positjve
feedback occurs at harmonics of the frame rate, resulting in an effective
buildup of synchronous video signal and discrimination against random
noise and any other uncorrelated signal. The system bandpass must be
selected to retain unambiguous information storage since the bandpass of
the system has images centered about harmonics of the frame rate. The
bandpass characteristics for such a device is equivalent to that of a
comb filter, as shown in Figure A-10, This reflects the operation of

the device in that coherent signals containing energy at frequencies

only at multiples of the frame rate are built up, whereas non-coherent
signals are not built up. The non-coherent signals are averaged and
their effect is thus reduced by the linear processing. Compared to
display averaging, which averages the absolute amplitude and produces

an optical display proportional to the rms noise level, the linear
averaging of positive and negative noise tends to reduce the rms noise
output. The sharpness of the comb filter is a function of the feedback

gain and the harmonic center frequency is determined by the frame rate.

In order for the system to be stable, delay-line losses and feedback gain
(which constitutes the loop gain) must be less than unity. As the loop
gain approaches unity the circuit gain approaches infinity and becomes
unstable; however, at a gain of 0,96 to 0.98, the system operates as a
video sweep integrator, Pulse signals occurring at the frame rate will
be built up according to the feedback factor in the following manner,
Considering a video pulse of amplitude e, from a star to occur at the
beginning of each scan, the amplitude of the pulse in the delay line,

ey after n frames have been stored is

ey = e +ke + kzeo + k3eo...k“e°, (A-16)
where k is the feedback factor.
For n approaching infinity,
A-26
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e = € (1 - k) A-17
d o] ( 1 )

The noise is also summed in the same manner; the noise in the delay

line is

dn no ni’”""" nn (A-18)
The rms noise is given by assuming the mean of the ncise is zero. Then

! 7
Var | €dn I E (edn edn_
= E e 2 + kze2 + kznez] ,

- SR (A-19)

since each event is assumed to be independent (or, equivalently, the
sweep bandwidth signal spectrum is not folded by the comb filter). The

rms noise as n approaches infinity is

2 L2 1
a - khH!

dn n (4-20)

Figure A-11 is a plot of the signal-to-noise improvement out of the
delay line for varying values of k and number of frames., Practical
systems presently use loop gains of 0,96 to 0,98 with a corresponding

improvement in S/N of 10 to 14,

The required collecting aperture for a system using the image dissector

and the video sweep integrator is shown in Figure A-12 in which an
improvement in S/N of 10 has been assumed. It is noted that the 38-inch
optical telescope from the OAO-GEP is required to observe an 11th magnitude
comet, The video sweep integrator weights 10 1lbs., occupies a volume

of 8" x 8" x 8", and consumes 30 watts of power for thermal control and

amplifier operation.
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A 4.5 Image Orthicon Sensitivity

The most sensitive device presently available for tracking and scanning
using electronic means is the image orthicon. Earth-based astronomical
applications for the image orthicon have demonstrated that the threshold
light levels are set primarily b- skylight {Powers and Aikens; 1963;.
Several evaluations of image-orthicon astronomy are reported in the
literature [livingston, 1962 and Malling, 1963]. Experimental evidence
indicates that this detector can provide lower thresholds and better
resolution of stars than is possible with photographic emulsions. Space
applications of stellar tracking have been made on the OAO-GEP but the
application and threshold levels quoted in the OAO User's Handbook
[Grumman, 1962} to be at a stellar magnitude of 6.37, Using longer
exposures and larger optics, lower thresholds are possible. The limiting
threshold in a space environment is set not by the sky background but

by the limiting exposure as specified by the vehicle attitude threshold

rates and the system resolution.

The scanning beam is a low-velocity electron beam originating from a
thermionic cathode and accelerated by grid potentials such that the beam
electron velocity near the target approaches zero. Low-energy electrons

in the beam discharge the target as the beam is scanned, thereby modulating
the beam current, The return beam is directed into the electron-multiplier
section and the video signal level is8 multiplied. The electron multiplier
section is the most significant source of noise in which the noise power

is proportional to beam current., The beam current may be adjusted so

that it covers the maximum lumination intensity of interest. Conventional
television techniques are available to adjust the beam current to cover

the most intense illumination element, However, a comet tracker does

not require this feature since a bright star in the field will saturate

the comet intensity pattern by increasing the average current. The comet

signal could be swamped by the noise level in such a case,
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The signal output sensitivity of the RCA image-orthicon industrial type

7198 for low light levels is linear at 60 microamps/lumen/sec.

In order to provide a linear signal for a comet uncertainty of + 2
magnitudes (equivalent to a factor of 10), the average beam current must

be adjusted to the level corresponding to the most intense comet considered.
The signal from a comet having a flux level of E produces a current

level of

(A-21)

where GC is the tube sensitivity (60 na/lumen/sec) and t is the exposure

time. The rms noise, e is

2
e = 2e IAVE 2%, (A-22)
where IAVE is adjusted to the comet signal level. Accordingly, the peak
signal-ro-rms noise ratio becomes
11/4 dzE Gct ]%
= A-
S/N 7 e BFf , (A-23)

where beam current noise has been neglected, The computation is valid
only when a brighter star is not present for which the beam current would

be adjusted to a higher level,

For a given exposure time the signal-to-noise is improved as a function
of c%. However, the limit of exposure time is set by the attitude
control system rates, Using the OAO specifications that the drift rate
be less than 15 seconds of arc in 50 minutes and the optical system
resolution be one second, the allowable maximum exposure for avoiding
skewing the image is approximately three minutes (200 seconds). Earth-

based exposures of 100 seconds have been reported and will be used in the

A-32
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analysis., Figure A-13 is a parametric study of the aperture requirements
for various stellar magnitudes, The data will be obtained by first
clearing the photocathode by scanning with a high beam current to
uniformly discharge the target, then allowing the photocathode to be
exposed without target readout for 100 seconds., At the end of this

time, the target is scanned at a rate compatible with the 15 Kc band-

width used in the photomultiplier detector system,

The sensitive image orthicon photosurface must be protected from viewing
bright stars for extended periods of time to prevent, burning the tube
face. Further considerations are beyond the scope of this feasibility

investigation.
A5 SUMMARY

The Comet Mission Study has investigated the need to determine the capa-
bility of tracking a comet f;om on-board the spacecraft prior to the
terminal phase of the mission as a prerequisite to executing an accurate
second midcourse maneuver, The objective of this section has been to
provide a means of estimating the weight and size of an optical system
required to track the comet, The scope of the early-flight comet tracking
study includes the definition of comet brightness models and the star
background, Included is an evaluation of two sensitive photo-detectors,
an image dissector and an image orthicon, and an extrapolation of comet-
tracking optical system weights based on optical systems used in space
flight experiments. The im#ge dissector is less sensitive for this
application; however, it is inherently more rugged than the image orthicon,
The optical systems used for this comparison are the OAO-GEP and Celescope
systems since the weight of these systems are comparable to the total

payload capability of a comet probe.

The definition of a comet model confirms the assumption that the comet

will subtend an angle less than 10 seconds of arc and may be considered
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as a point source during early flight, The models reported here indicate
that the brightness of a comet during the early portion of its apparition
is too low for on-board tracking. The threshold leve!s of available
detectors, the stellar background and the low relative velocity of the
comet against the stellar background prohibit any completely automatic

on-board tracking during early flight.

The possibility of using a slow-scan TV system appears possible if large
optical systems and telemetry requirements can be accommodated. Consi-
dering the most sensitive system using an image orthicon and a 100-second
exposure time, the weight of an optical system require to observe a

10°" magnitude comet {s 180 1bs (360 1bs for an 11°" magnitude comet).
Threshold levels have been defined on the basis of the ratio of peak
signal-to-rms-noise level. A level of 6 has been selected as the
criterion for observing a signal in the presence of background random
noise. TV resolution limits the accuracy to which the position can be
determined with respect to a known stellar background pattern, The use
of a 0.5° optical field would be practical for an optical system of

this size; would be easy to orient using standard attitude control system
components, and would have sufficient resolution to observe the comet

position to 10 or 20 seconds of arc.

However, the large weight of the optical system requires a major redesign
of the Mariner spacecraft structure, Furthermore, pointing of the optical
system requires either maneuvering the spacecraft or accurately pointing

a gimbal system, both of which require redesigning the spacecraft structure
and changing the attitude control and thermal control subsystem, Probably
the most demanding of these redesigns involves the thermal control
necessary to maintain optical alignment and to eliminate thermal stress

in the optical materials,

The data presented in Figure A-13 show the weight trade-off for the most

sensitive system,
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‘ APPENDIX B

RESULTS OF ANALOG SIMULATION

B.1 STABILIZATION SYSTEM EVALUATION

The objectives of these studies have been to determine the capabllity
of the solar vanes to acquire from relatively high angular rates (10-arad/
sec), and the effect of flexible booms on the stabilization system's sta-
bility and acquisition time. The block diagram representing the long-term
stabilization control system is shown in Figure B-1. The transfer func-
tions shown in the blocks are simulated by an analog computer, the inter-
connection of each function-simulation is the total analog of the control

system.

The simulation of the vehicle and flexible member dynamics is con-

sidered first. The following equations are implied in Figure B-1l:

T +T -T
9 = Dist c F (B-1)
‘I. B J 02
B
'I‘F - (GB - BFM) (K + Ds) (B-2)
T
- —F -
eFM J 32 (B-3)
F
where
GB = vehicle body angular position
SFM = flexible member angular position
Tc = control torque
TS = golar control torque

TDist = disturbing torque(s) or de-stabilizing torques
resulting from solar pressure
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T, = torque due to oscillations of flexible member

Jo = inertia of vehicle body

[
L]

inertia of the flexible member
K = spring constant of the flexible member
D = damping of the flexible member
Converting from operator notation to time-dependent variables yields

the following simultaneous differential equations;

" !

1 : 1 -
R 7 (Tg + Tp + Tg - K(8y - O) - D(9 - 6_) (B-4)
and,
1" 1 ’ /
' GFM = —3; [-K(Om - OB) - D(OFM - OB)] (B-5)
Machine-time, T, is defined as T = t/1000 (i.e., the simulation runs
at 1000 - times real-time). Hence,
o= 4O ___ = 107 do 1073 & and
dt d (1000T) dT = ’
" 2 2 2
s.Le e gede 56 g
dt d(1000T) dT
The time-scaled equations for T = t/p are,
o = L p%(r +1 +T) +PPk(O, - 6) - P DO, - 6.)] (3-6)
B~ Jg c” D s B~ °F B~ F
5 L 2 - - ! - oy (B-7)
Op = T p” K(Oy - Qp) - p D(O oB),
B-3
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The following nominal values for system parameters are assumed:
Solar Vanes
K = 9.26 v 10°° £t 1b/rad
]
-6 based on values reported
Kv = 3,6 X 10 ~ ft lb/rad by Acord and Nicklaus (1964)

T = 2430 sec
v

Flexible Members

Jp =1 slug-ft2

= 50 for pitch and yaw; 30 for roll

, K
by I 0.03 rad/sec
F
D/Jg

‘ p= 103 sec/sec

for the analog computer simulation shown in Figure B-2.

The generation of the sun sensor error signal, e is based on the

relationship,
o (B-8)
= - - ‘
e, = K (0 - Q) for kos 051 10
o (B-9)
e, = 10K for ko, - o5 > 10
The nominal value of the parameter Ks is 1 Volt/De Based on this

value, amplifier 30 output was limited to the deadband limit in milliradians.

The simulation of derived rate used amplifier 17 to produce a desired
level of minimum impulse in conjunction with the control torques picked

. up by relays K02 and K03, The actual simulation of the scaled parameters

B-4
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was beyond the capability of the analog computer. Since the objective
of the simulation was to determine the settling time required to
acquire the solar pressure system, an equivalent impulse was programmed,
The simulation of a one-pound engine having a minimum on time of 10
milliseconds would produce total impulse bit of 0,006 pound sec which

if mounted with a 2.5 level arm would result in a velocity increment of

0.006 x 2,5

—_— el

-4
30 = 5 x 10 rad/sec

about the roll axis. The angular rate about the pitch and yaw axis is
somewhat less so that this simulation was arbitrarily selected at 10-4
radians/sec for the study, The problem scale for this parameter is

105 volts = 1 radian/sec so that 10'4 rad/sec is equivalent to 10 volts
at the output of integrator 00, This is accomplished by applying

50 volts for 200 millisec,

Simulation of the deadband used two biased amplifiers 32, 34, and 35
to drive relays KO2 and K03; the deadband corresponded to + 17.3 volts,

or one degree scaled.

The effect of solar torque was simulated using amplifiers 36 and 43 and 44.

Note that the solar vane actuator must be a positive feedback.

The transfer function for the solar vane is

_T_S_ - &‘ - 3.9 X 10-6 (B-IO)
os 1 +er (1 + 2430s)

and time scaling this becomes

2
P K,

W (B-11)

B-6

PHILCO WDL DIVISION

P



WDL-TR2366

The computer scales this to angular acceleration, o, by the use of

1 volt = 103 radians and 1 volt = 103 rad/secz, so that the transfer

equation 1is

e Kg ) Kv (B-12)
~— =z — P
eq Kg JB 1+ Ty S/P)
3 3 -6
and for Kg = K° = 107, P = 10 Kv = 3,9 x 10 °, J = 50 we have
0.0780
(1 + 2.438)

for the solar vane, On a simflar basis the gain for the stabilizing

solar torques is given by

2 _ -
K. P
l-(-“ — . 0.1855 (B-13)
(%] B
3 3 -6
for Ko = Ky = 10°, P = 10° K = 9.28 x 107° and 1 = 50.

B.2 SIMULATION STUDIES

The purpose of this simulation is to demonstrate the ability of the
solar vanes to acquire and stabilize with respect to the sun from large
angular rates (10-4 rad/sec). The simulation has shown the effects of

a flexible member on this acquisition,.

While it is desirable to detail a stabilization system using a micro-
thruster for roll stabilization, this could not be done within
the limits for this program,

The study results have shown the single axis operation using an xy-plotter

to show phase plane (O, b) characteristics and using a strip chart

B-7
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recorder to record -OB, OB’ derived rate, actuator drive, control

torque, OF, -OF solar torque.

The basis for presuming that acquisition can be carried out is made
assuming that the undamped solar pressure must cause the vehicle to miss
the deadband limit + 1,0° on the first trajectory. The equations of
motion for the undamped system, considering that only the solar
stabilizing torque acts, are:

"

J 0 =K (B-14)

and assuming constant total energy

2
J O K;QZ

- B-15
3 + 2 constant ( )

then the maximum angular excursion (Omax’) from the null point for a
given initial condition, 00, would be determined from the solution to the

above equations/which is

Onax = %o o/ —1-'1 (B-16)
£ Y
-8y 30 L 232x1000
o -6 o}
9.28 x10

The use of aone degree deadband would result in a velocity on axis
of 0.534 x 10—4 rad/sec. Or conversely a 1074 rad/sec rate would require
a deadband of 0,232 rad or approximately 13.4° in order to avoid actuating
the thrusters and inducing a high rate. Naturally the damping effect will
improve this slightly, however, the simulation of this showed the overall
significance of this to be negligable. Therefore, the deadband must be
widened either permanently or temporarily in order to acquire the solar

vanes from higher rates.

B-8
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Figure B-3 is a typical exarmple of a simulation run in which the
isolated effects are shown for (a) deadband operation with control torques
only, (b) including the torques from the flexible member and (c) solar
torques only and (d) a combined simulation. Figure B-4 is the strip chart
recording for this run. The deadband width was chosen wide enough to

allow acquisition.

Figure B-5 and B-6 are a rerun using a 5 degree deadband and a mini-

mum irpulse of 3 x 107> rad/sec.

The simulation results indicate that acquisition of the solar vane
system requires that the deadband be widened. It is also certain that
once a sufficiently low rate has occurred the solar vane will acquire.
Acquisition in this process is not predictable and the time required for
this to happen 1s likely to be long. Needless to say the latter condition

is not a recormended technique.
Root Locus

The effect of adding flexible members to the solar vane stabilization
subsystem was investigated by means of the root locus for the system.
The open loop transfer equation for the stabilization system small
angle equivalent is

*

(K 4K (1+ 2\ 7 _8) (JF82+D8+K)

KD+KV)

¥= J (B-17)
(1+7 8) Js? r3.s240 1+ <L) s + k(14 ——)°
v -°F J JJ
Substituting the parameters given earlier this becomes
c7 3 2 '5
1,132 x 10 ° (3,98 x 10 S + 1)(S° + 10 °S + 9,0009) . (B-18)
s2(2.43 x 10° 8 + 1)(5% + 1.02 x 1075 + 0,000918)
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Considering Equation (B-18) it is evident that the relationship of Kv and

KD is a key to system stability, in fact it is readily observed that
for

i Ky + K
%

or

KD + Kv < KD; the svstem is unstable,

So Kv < 0 which is the case for which the solar vane must constitute

positive feedback in order tc retain system stability, Furthermore it

is also evident that KD + Kv > 0 and then KD > -Kv for stability, All

of these conditions are evident from the root locus plot of Equation (B-7),

Figure B-7 is a plot of the root locus for that system in which the gain

of the solar vane has been varied according to the values indicated in
that figure, The flexible member resonance was varied to determine

effect on system stability,

B.3 SUMMARY

As a result of these investigations it is clear that:

1, The solar vane can be used to remove the deadband rates for
the high minimum impulse system, The effect of using the

higher deadband rate for coarse stabilization is to lengthen

acquisition of the solar vane can be accomplished by the widen-

|
‘ the time required for acquisition. As an altermative,
| ing of the deadband,
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2. Flexible members having resonance above the solar vane tine
constant are acceptable. Roughly speaking, the resonance
should be above 412 x 10-3 rad/sec for a solar vane time

constant of 2430 seconds.
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